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ABSTRACT 


Four azo-butenes were synthesized and thermolized 
angthes gas phasevats 1252727) aThesbutenyls radicalsysproduced 
are not capable of hydrogen abstraction from the parent 
azo compound or the dienes formed. The diene products 
from the three isomeric azo-butenes, formed from the 
combination of two radicals, show small "but still signit— 
PCANcCRreLCentEL On Orecontigumation. The tsomervzation of 
the butenyl radicals can effectively compete with the 
combination process. Examination of the diene yields 
gives a value of K = 1.54 for the equilibrium constant 


for the process 


It can be seen that the butenyl radical is 1.4 times more 
reactive at its primary end than at its secondary end 

and that the 3-methylbutenyl radical is 3.2 times more 
reacbive at its. primary,end than at 1ts tertiary end. 
From the thermolysis carried out in solution, where a 
higher degree of stereoselectivity is observed, it can be 
seen that differences of reactivity between the cis- 


and trans-butenyl radicals are negligible at 125,7°. 


id 


agwehow snsih eet sagta? satresh a0? — 
og? eu: pares? \dendtnid=eds wioawdeh ates ode Se 
tiene tite 4c+ {luste Ween. (alanatind cv? Se wet oo 
30) pols heme. ee oak avepatees tw oetdradga ain 
ety Atiw ~éeance ‘Gisticostts — a snitna bynstud orf: 
Axia r? Gip th <i Se welleniniys 1 ofster¢, cotsganiane a 
Sipe biter wutedititpi ate to4 hot = » So elie oe tg 
gesoo1g oft Gon? 


je! ates Yen / mr) yt 

| | _ be 

7 | pee eels b,T cb Ingibes Dyetud sty san) nges ed ceo 

Te Bae vorisotck 192 Sh ads Sto YtemizgG e244 22 Swi 
‘Soler peaks ©.6. et Kay tx Inaetodierdesm-€ eyiy _ 

tele grate ses. ast Sa nate tas yreulsg aii 28 evidsaet Gi 

WSU deride a tivo Letaans aleq lensed. aftimert§ 


aot 


eile 


The barrier fOr cts=strans LSOMmerlzation Can 
be calculated to be 20 kcal Olu EeOnmenemleinecic 
studies of the three isomeric azo-butenes in the gas 
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HISTORICAL 


The geometrical isomerization of multiple bonds 


is best exemplified by the eis to trans isomerization of 


Olefins. For the 2-butenes this process requires an 
CH, H CH. H 
SEY Sees 
ll I 
é C 
vias a 
CH H H CH 
3 3 
activetionm energymMol (62 #8. kcal TORee (i) .f-iher analogous 


isomerization process for the allyl radical has been 
detected but not measured, 

Since simple Huckel molecular orbital calcula- 
tlLonse give "alin bond order 6 240)4/0/711 ez) meomsthe allyl 


radical then 


tS 
<> 


one may naively expect an activation energy of 44.4 


ih 


kcal mole ~ for the isomerization of the allyl radical. 
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Several attempts to estimate this value have been made 
using heats of formation and estimates of the ay halite: 
resonance energy. Some directly relevant studies are 


reviewed in this section. 


A. Butenyl Radicals 

Butenyl radicals have been generated in solution 
and investigated by several workers. 

Walling and Thaler (3) in 1961 showed that free 
radical chlorination of ets-2-butene with t-butyl hypo- 
chlorite gave ets-l-chloro-2-butene and 3-chloro-1-butene 
and only small amounts of addLei on Products. wo lislatly 
trans-2-butene gave trans-1l-chloro-2-butene, 3-chloro-1l- 


butene and minor amounts of addition products. 
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They concluded that the observed variation in the ratios 
of products from the three butenes is not compatible with 
the idea that the olefins yield a common allylic radical, 
Table I. This and the observed complete retention of 
ets-trans geometry was explained on the assumption that 
"cets- and trans-allylic radicals are able to retain their 
stereochemistry until they react with t-butyl hypochlorite 
to yield the observed products". 

Since the butenyl radical is an ambident species 
it is interesting to note that the reactivity is not the 
same at each of the centers carrying the unpaired electron. 
Table II gives the ratios obtained by Walling and Thaler 
(3Jmitorethe three~oltefins. ) The ‘smallen*value tof the ratio 
arising from the cets-2-butene was attributed to steric 
hindrance to attack on Cy of the cts-butenyl radical (1) 
being greater than that on Cy of the trans-butenyl 
Tad tcariag (2 es 

Balaceanu (4) and coworkers in 1963 reported 
Onethewliguida phase oxidation of l—butene andeezs— and 


trans-2-butene at temperatures between 65° and 80°C. 
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TABLE. 


Composition of vailylicy chlorides trom 


free-radical chlorination of butenes (3) 


1-chloro- 3-chloro- Addition 
Compound Temp. 2-butene 1-butene Product 
(Get (3) (8) (8) 
ets-2-butene -78.5 65.0+0.0%  35.040.0 16.440.2 
40 63.26led” | 36582 lel. 16.940.9 
eee on ene eo 5 essen) eto OGD mE trace 
40 TE ORE. AEH A Bc 
1-butene =78.5 73,940.) /§-26,140.1 trace 
40 69.1#048 | 80, 9+0R ea 93.4 


a ae 
ets isomer only. 
b : 
trans isomer only. 
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TABLE II 


Ratio of attack av Cy to C3 of the butenyl radical 


Nee -butyl nypochlorite sch lorinatlonm(.) 


Compound 


1-butene 


ets-2-butene 


trans-2-butene 


Temperature 


40 


40 


ai ftya 3) 


40 


Ome 


Ratio 


The reaction was carried out with molecular oxygen using 
azobisisobutyronitrile (AIBN) as an initiator and the 


products after reduction with LiAlH, were analyzed by gas 


4 
chromatography. Three isomeric alcohols corresponding to 
the three isomeric hydroperoxides were found in the case 
of the butenes. 

Starting with cts-2-butene containing 6.1% of 
the trans-isomer they obtained 52.6% of the 1-hydroperoxy- 
2-butene of which 34.2% was ets, and 47.4% 3-hydroperoxy- 


l-butene. Taking impurities into consideration this gave 


a ratio of 


Similarly they obtained from trans-2-butene containing 5% 
of the ezts-isomer 54,8% of the l-hydroperoxy-2-butene of 
which 90.4% was trans, and 45.8% 3-hydroperoxy-l-butene and 


Nenceraelallonos 


Oxidation of 1-butene appeared to give only trans-1l-hydro- 
peroxy-2-butene besides 3-hydroperoxy-1-butene. 

From these data the authors calculated values 
for the stereoselectivaity for the etvs—-2-butene going to 


ets-l-hydroperoxy-2-butene and for the trans-2-butene 
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going to trans-l-hydroperoxy-2-butene, the values being 
36.5% and 91.8%, respectively. 


For the positional isomerization the ratios for 


CH.{CH(OOH) CH=CH, -- CH 3CH=CHCH 00H 


3 2 


are for l-butene #9 and for cts- and trans-2-butene fl. 
The authors, on.the basis of Walling and Thaler's 
A 
work (3) and assuming that the reaction of oxygen with 


the allylic radical is very fast, suggested that the iso- 


merization is occurring at the hydroperoxy radical stage. 
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In 1967 Denney and coworkers (5) reported on the 
ets-trans isomerization of allylic radicals. Several allylic 
chlorides were treated with triphenyltin hydride. Abstrac- 
tion of halogen by triphenyltin radical to give an allylic 
radical is followed by reaction with triphenyltin hydride 


to give the hydrocarbons, 


| R35n- R3SnH 
— Sia ew TTT) _ een + \ 
cl *. 


The reactions were carried out at 80°C in hydrocarbon 
solvents with AIBN ae initiator; by varying the absolute 
concentratrons) Of reactants, (concentrations wotvallylic 
chloride and triphenyltin hydride were kept equivalent) 
the Jatetime of the intermediate radicals could be varied, 
The results are summarized in Table III. If the concentra- 
tions of starting materials are kept low enough, all the 
BhairomotrdiulyltCG chiorides give Lhe sames products seat 
intermediate concentrations incomplete isomerization is 
observed. Although it was not possible to assign rate 
constants to these isomerizations, they nevertheless 


conclude that the barrier to rotation in allylic radicals 
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Composition of butenes from dechlorination of allylic 


chilonidestwi that ripheny tin? hydridesatns0sae( 5) 


ets-2- trans-2- 
compound concentration 1l-butene butene butene 
($) (3) (3) 
ets—CH.CH=CH-CH,Cl 0027 34 25 41 
(COM banientg 22.0 r 
the trans isomer) 0.0135 35 2A al 
trans- 
CH.,CH=CH-CH,C1 Orza 28 25 49 
0,027 36 22 42 
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is not large, and that the interconversions can compete 
effectively with the reaction with triphenyltin hydride. 

Again positional isomerization is observed. At 
low concentrations the ratio for 2-butene+sl-butene is 
about... 0 4, 

However, in the same year a paper by Neumann and 
coworkers (6) presented evidence for a reversible addition 
of triphenyltin radical to olefins. If trans-1,3-pentadiene 
(2 fold excess) was treated with triphenyltin hydride, 
they recovered 3% of cts-1,3-pentadiene and if cts-1,3- 
pentadiene was treated with triphenyltin hydride, the 
recovered pentadiene was 55% trans. Thus, reversible 
addition of the, triphenyltin radical can lead to ets-trans 


PVSOMeErI zation Via rotation of the tetrahedral carbon. 


SnR3 
ZZ ®,8n° Za 
ah Sanaa AS, < SnR, ada ts lt A ee 
eA LB wy R,5n-+ 


In 1965 Thaler and coworkers (7) studied the 
stereochemical course of the addition and cooxidation 
reactions of thiols with ets- and trans-1,3-pentadiene. 


Free radical addition of different ‘thiols to 1,3-pentadiene 
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demonstrated that the major products were the 1,2- and 1,4- 
adducts) “formed from the attack? of "the “thiol "radical on C=-1 


of the diene: 


oO RS. a | RSH a 
——— pe lt — + + RSe 
ZA A 
RS RS RS 


RS 


Only minor products resulted from attack at C-4 which was 
attributed to the greater stability of the disecondary 


allylic radicals relative to that of the primary-secondary 


radicals: 
CH. 
RS-CH,~CH-CH=CH-CH , RS-CH~CH-CH=CH. 
| ae 
RS~CH.-~CH=CH-CH-CH , RS-CH-CH=CH-CH, . 
disecondary primary-secondary 


Both 1,2- and 1,4-adducts were formed in similar quantities 
since the reactive positions of the allylic radical 


intermediate were both secondary. 
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In the cooxidation reactions the allylic radicals 
were also formed by the action of the thiyl-radical on the 
1,3-pentadiene, but these then combine with oxygen to 
form peroxy radicals which in turn remove a hydrogen atom 
from the thiol to give hydroperoxide and regenerate the 


thiy baradical:, 


a 0.° ZA OH 
0, 2] RSH 
<p Sp <—-- — a 
: RNH, 
0. OH 
SS RS RS RS 


RS g RS 


In the presence of catalytic amounts of amine the hydro- 
peroxides are immediately reduced by excess thiol to allylic 
alcohols. Thus the same allylic intermediates resulting 
froteene addution;: of thiyl-radical to 1,3-pentadiene would 
be involved in both the thiol addition and the cooxidation 
reactions. The authors can then, by Aexiacnee that the 
products are not isomerized after their formation and that 
the dienes do not undergo isomerization prior to reaction 
Withethe attacking radical, take the Stereochemcalscon— 
fvovuabion or the l,2-adductsyas. a direct measure ofetne 
retention Of contiguration of the intermediate ailylic 
radicals. The stereochemistry of the 1,4-adducts would 

be determined by the rotational conformation of the 


reacting dienes (Scheme I). 
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Scheme I 


Configurations of trans-1,3-pentadiene 
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Configurations of ets-1,3-pentadiene 
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Cooxidation with benzenethiol gave predominantly 
products resulting from the attack of the thiyl radical at 
C-l. Examination of the stereochemistry of the 1,2-addition 
products revealed that their formation had been completely 
stereospecific: ects-1,3-pentadiene gave the cis-2-ene 
product while trans-1,3-pentadiene gave the trans-2-ene 
product only. The 1,3-pentadiene was found not to isomerize 
under these conditions. These facts were taken as an 
indication that the allylic radical intermediate combines 
rapidly with the oxygen diradical and the authors suggested 
that the addition of thiyl radical to diene in the 
presence of oxygen is an irreversible process. Thus they 
calculated that the czts- and trans-isomers react at 
approximately the same rate with the thiyl radical 
Oe ee = 10,9420), 0.45, 

Addition of aromatic thiols to the dienes also 
exhibited a high degree of stereospecificity. The 1,2- 
adduct from etis-1,3-pentadiene was 92% cts while the 
1,2-adduct from trans-1,3-pentadiene was 96% trans, 

However analysis of recovered excess diene showed that 
considerable isomerization of diene had oceurred. The 
unreacted starting 1,3-pentadiene was almost 40% trans 
Whenwinitially pure cts, and up to 10% cremwhen initially 
pure trans-1,3-pentadiene ee used. Several control runs 


led the authors to an explanation for the better than 90% 
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retention Of configuration in the addition reaction while 
the starting diene was isomerized to more than 40%. They 
found that the vast majority of product was formed before 
an appreciable amount of isomerization had taken place, 
but that the degree of isomerization increased markedly 
as the thiol concentration approached zero. The photo- 
initiated reaction of benzenethiol with 1,3-pentadiene 
showed again a high degree of stereospecificity while 
recovered excess diene was completely equilibrated (85% 
trans, 15% ets). Ultraviolet irradiation of 1,3-pentadiene 
alone had no effect, however, when some benzenethiol- 
pentadiene adduct was added and the solution irradiated, 
the 1,3-pentadiene was readily isomerized to the 
equid2brium mixture, 

A mechanism involving addition of a thiyl radical, 
formed from the adduct, to the diene was used to explain 
thesemresuits,. (he allvine radicals an, enhesancence:.or 
thiol are not readily consumed and the radicals are long 
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When aliphatic thiols were used in the addition 
reaction the unreacted excess 1,3-pentadiene was recovered 
unchanged, however, in this case the 1,2-adducts showed 
little stereospecificity; some preference for cis-3-ene 
from ets-diene and trans-3-ene from trans-diene suggested 
that,while the intermediate allylic radicals undergo 
considerable isomerization under these conditions, they 
are still not interconverting freely. An interpretation 
of these data was based on the differences in stability 
OlLetheraromatic and aliphatic’ thiy) radicals... Thus, the 
addition of PhS+ to the diene would be expected to be 
more reversible than the addition of CHS°. ii esuchea 
reversible addition occurred many times for each reaction 
step, the smallest amount of rotation of the intermediate 
allyiaceradi cals would cause Significant. 1s0omeni zation) of 
the remaining diene. The fact that the addition reaction 
with benzenethiol was highly stereospecific, whereas the 
addition of methanethiol showed little or no stereo- 
specificity was explained by the different lifetimes of 
themsintermediate allyilicsradicals-in DOtnecasccomeL iE 
these radicals are not consumed rapidly,they have 
opportunity to rotate and the stereospecificity of the 
reaction agsudestroyed. | Aromatic thioisspossecemanweak 
sulfur-hydrogen bond eoneered to. dd iphatem. oo rs 


because the resulting thiyl radical of the former thiol 
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Can be strongly stabilized*by resonance with the aryl. 
GLOuUp. 

Tie LJooeHOlLrOvyar ands klein (2) reported sous cic 
radiolysis of l-butene and cis- and trans-2-butene at -88°. 
Trappingeputeny! radicals formed in this manne: by pelts 
they found that the products were formed with high retention 
of configuration. Thus they reported that 96% of the 
butenyl radicals formed from trans-2-butene are in the 


trans configuration, whereas from ceis-2-butene 80% are 


in the ets-configuration. 
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found that the intermediate radicals react slightly 
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differently. Starting with trans-2-butene the ratio was 
found to be 2.04+0.02, but starting with cis-2-butene the 
ratio was found to be 1.67+0.02. The differences were 
attributed to steric effects. In a control experiment 


hydrogen atoms added to butadiene gave after scavenging 


14 14 


with CH,- radicals a ratio of 2-pentene-C 


3 
1-butene-c?* of 1.90. Interestingly, no cis-2-pentene was 


to 3-methyl- 


formed in this reaction. The ratio in l1-butene was found 
to be 2.24+0.08,whereas from a mixture of equal amounts 
of ets- and trans-2-butenyl radicals a ratio of 1.86 would 
be expected. This was taken as evidence for the reaction 
of l-butenyl radicals with ‘cH, to give papenemeee =. 
Again, as Walling and Thaler (3) had observed, the trans- 


species was observed to yield more product by reaction 


at the terminal carbon than does the ets-species. 


B. Gas Phase Thermolysis of Azoalkanes 

A large body of information on the thermolysis 
of azoalkanes is available in the literature. Under the 
influence of heat or light azoalkanes fragment into 
alkyl free radicals and molecular nitrogen (9). 
Thermolysis of azomethane, the parent compound of the 
azoalkanes, produces apart from nitrogen, methane and 
ethane as the principal products, with minor amounts of 


ethylene and higher hydrocarbons (10). The presence of 
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methyl radicals has been indicated by the fact that the 
iyeciai= products of thermal and photochemical decomposition 
are Copaple™ or removing metallic mirrors (11) and ther 
azomethane initiates the thermal decomposition of ethane 
and=propane” (12) 7°" in 71951 Overberger and Berenbaum (13) 
reported that the thermolysis of diastereomeric azo 


compounds gave identical mixtures of racemic and meso 


products: 
3S i P 
A 
kee pee sae Sy No cf: iio: 
CN CN CN CN 
rae Or meso rac and meso 


The authors also observed that mixtures of azo-bis- 


nitriles yielded both symmetrical and mixed dinitriles: 


CH 
et A Sco) neat 
e N=N- 1 


CH,~C-N=N-C-CH, 
| | 
CN CN i Ke 


CH 
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+ CH,-C—C 
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The initially formed free radicals obtained 
from decomposition of azoalkanes not only combine to give 
the corresponding alkane, but can also undergo further 
PpLocesses such «as radical disproportionation,, addition 
to the nitrogen-nitrogen double bond (9,10,14) of the 


azoalkane or hydrogen abstraction from the azoalkane: 


R-N=N-R ee A nea Ny 
| Peep: Recomb , R-R 
R. + R. pee enone olefin + alkane 
Rese RONEN OR aia R-N-N-R 
Abstr R : 
R- + R'-CH.-N=N-R —————> R-H + R'-CH-N=N-R 


2 


Recently, Crawford and Al-Sader (15) have shown 
that allyl radicals, produced upon the thermolysis of 


3,3'-azo-l-propene, dimerize to produce 1,5-hexadiene. 
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Only a trace of propene (<0.1%) was formed which is 
indicative of the low probability of the allyl radical 
to abstract hydrogen and of little or no chain induced 


decomposition via a scheme analogous to that observed in 
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the azomethane thermolysis (10). There was some 
evidence for a reversible addition of the allyl radical to 
the azo starting material which was, however, much slower 


than the thermolysis reaction. 


C. Allylic Resonance Energy (ARE) 

The allylic resonance energy is defined as the 
difference between the bond dissociation energy of a C-H 
bond allylic to a double bond and the analogous bond in 
a saturated paraffin (16). 

ines 3ebrankiin sand Field ly) pcalcugated) the 
resonance energy of the allyl radical using both the 
valence bond and the LCAO - molecular orbital methods and 
obtained values of 18 kcal mole + and 17 kcal mole? 
respectively. An independent calculation was carried 
Guteby using sehnon and Szwarc'’s (18) value vet 62 keal 
molen as the energy required to remove a methyl radical 
from l-butene and Roberts and Skinner's (19) value of 
32 kcal mole! for the heat of formation of a methyl 
Tracicale., The neat Of -Eormation of the allyl=radical 
could thus be calculated to be 30 kcal moleus The 
heat of formation of the allyl radical without resonance 
was poiectared using Franklin's (20) method and found to 
be 49 kcal Wolaus Thus-the value for the resonance 
energy of the allyl radical was estimated to be 19 kcal 
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Values for the ARE have been estimated from 
various kinetic parameters of vinyl- and methylene- 
substituted compounds (Table IV). 

In 1962 Benson and coworkers (21) suggested a 
Vo buew Oe seo kk Gal mover for the ARE. For cyclopropane 
and simple alkyl-cyclopropanes the overall activation 


energies for processes such as 
Rings f-== Biredicals =-> Glefin 


are of the order of 65 kcal mole + (22)).) similar values are 

found “for cyclobutane and its alkyl derivatives (22). In 

comparing the activation energies for the thermolysis of 

vinylcyclopropane to give cyclopentene (23) and of methylene- 

cyclobutane to give allene and ethylene (24) the surprising 

difference of 815 kcal mole? was accounted for by 

assuming that nearly complete resonance energy is developed 

in the biradical obtained from vinylcyclopropane whereas 

in the biradical from methylenecyclobutane the hydrogen- 

atoms in the methylene-radical are not in the same plane 

as the vinyl-group, but almost at right angles, and thus 

the resonance energy contribution is almost zero. 
Unpublished results by Doering (25) for the 


reaction: 
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TABLE IV 


Values for the allylic resonance energy from 


bond-dissociation energies 


Ee ARE 
kcal kcal 
Reaction motees roles Ret: 
is : = 6 
CHCH,CH CH, + I —* CH.,CHCH CH, + HI 12.4 (26) 
1 
CH,CH,CH, + I —> CH,,CHCH + HI 25700 C27) 
PN ZOE GSS Avi aee: (28) 
oS eee yn , 
D 
We} 
D D 
D 
pen ee 60.5 (29) 
D 
SS 
eed | + | 51.0 (30) 
11.6* 
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TABLES IVa (conttd) 


Values for the allylic resonance energy from 


bond-dissociation energies 


Reaction mole 
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Ref. 


(32) 


(33) 


(34) 


C2) 


(23) 


(24) 


These values are actually for butenyl rather than allyl 


radicals. 
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which has an activation energy of 49.5 kcal molees suggest 
thatethe rang closure from the biradicalacevery fast 


relative to fragmentation i.e. k.° is very much smaller 
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than k. The degenerate rearrangement is probably a 


Yi» ue oY 
fe ~ 


concerted of nf 2 reaction and does not involve complete 


| 


homolytic cleavage of the C-C bond in the transition state. 

In 1964 Benson and coworkers (26) suggested from 
their study of the iodine atom catalyzed positional 
isomerization of 1-butene a value of 12.6 kcal moleas £Oxr 
the allylic resonance energy. A value of 12.4140.3 kcal 
aonext was found for the activation energy for the iodine 
atom attack on l-butene. When subtracted from the value 
Zot. Sak CaL eee for the analogous reaction of iodine 
atom with propane (27), the value of 12.6 keal mole+ Lon 
the ARE is obtained. The overall uncertainty is claimed 
not to be greater than +1 kcal. 

ARE values have also been obtained from heats 
of formations of the allyl radical. Homer and Lossing (36), 
in a detailed study,mass spectrometrically obtained a 


value of AH,° = 33.0 kcal mole / for the allyl radical from 
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the process: 


andscalculated a value of 17:8 kcal/mole for the ARE. 

in 1969. Golden .(37) "calculated frome transition 
State theory and values obtained by Denney and coworkers 
(5) for the geranyl-neryl system that at 180°C the trans 
radical has the lower heat of formation by 0.3 kcal mole + 
and that the ets Has %2.3 gibbs aielia = more entropy. The 
value for the equilibrium constant showed that at 80°C 
the ets form of the radical is slightly more stable than 
tiewcvrane form, a vcather unexpected result, | 

The direct measurement of the equilibrium 


constant for the process 


k 
r 


M+ 2 allyl ~=——— 1,5-hexadiene + M 


Ka 


at two different temperatures was reported by Golden, 

Benson and Gac in 1969 (38). These combined with the 

known entropy changes for the reaction yielded a value 
of 9.6 kcal mole! for the allylic resonance energy. 


Although this value might be uncertain by as much as 2 


Ravoy enolase, they conclude that thisvresult “must 
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Stebatpty OL butenyl radicals seems to be Surprising. 
None of the studies on the isomerization of butenyl 
radicals, however, were done in the gas phase at tempera- 
LULeSmabOVesLOOr Ce, | 

Recently Crawford and Al-Sader (15) have shown 
thatealiy! radicals are formed upon thermolysis of 373 "= 
azo-l-propene and combine to give 1,5-hexadiene, Propene 
was formed in less than 1% during this reaction, suggest- 
ing the absence of any Significant amount of hydrogen 
abstraction and of any chain induced decomposition. By 
analogy, the following products can be expected from 


coupling of cts- and trans-butenyl radicals: 
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A study of (Z,Z,E)-4,4'-azo-2-butene (O) ean Gees my ii= 44 Ge 
azo-2-butene (10) should yield some information on the 


configurational stability of butenyl radicals in the gas 


(een (10) 


phase by analysis of the diene products. If the butenyl 
radicals are able to retain their stereochemistry until 
recombination occurs, the only products from (2) should 
be (CEO, (3) and (8), and from (10) should be Cae, (4) 

and (6). If however isomerization does occur, all of the 
eteiomioon bomiiavepe exXDec team sctartings .ompelticra( 2) 

Of LO) re Lf the lifetime of the butenyl radicals were 
long enough to establish an equilibrium mixture, an 
identical product distribution would be expected starting 
Grarimen tues. (0)s sors 0 ee Investigation of the products — 
from thermolysis of the azo compounds in solution should 
show an increase in stereospecificity, if cage recombina- 
tion occurs and the radicals are formed initially in their 


ets- or trans-configuration, respectively. 
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From kinetic data for the unimolecular 
decomposition of these azo-compounds, it is anticipated that a 
value for the barrier for ets-trans-isomerization of the 
butenyl radicals can be obtained. 

The azo compounds as butenyl radical precursors 
were selected since thermolysis occurs at a conveniently 
low temperature,and surface reactions seldom cause any 
problem. The thermolysis can be readily carried out in the 
gas phase with nitrogen added, so that the formed free 
radicals can be deactivated by collision with nitrogen 
molecules, and the mean free path is decreased so as to 
reduce the possible influence of the wall upon the 


tncermecarate. 
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RESULTS 


A. Synthesis 

(2,Z2,E)-4,4'-azo-2-butene 9 was prepared by 
the mercuric oxide oxidation of the corresponding hydrazine. 
The latter was obtained from the hydrolysis of the diethyl- 
N,N‘'-di-(ets-2-butene-l-yl) -bicarbamate (11) using potassium 
hydroxide in 95% ethanol. The procedure was essentially 
that described by Crawford and Al-Sader (15). It was found 
thatearter three hours of refluxing only partial hydrolysis 
had occurred, accounting for the low yield (41%) reported 
by the authors. Extending the reflux period to 15 hours 


improved the yield to about 75%. 
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The bicarbamate was prepared in an analogous 
Manneritowthat described by .wCrawflord andsAl-Sader 3(15)*. 
The l-chloro-cts-2-butene was allowed to react with the 
Gianion of diethyl-hydrazodicarboxylate (DEHD), generated 


by the reaction of sodium hydride with DEHD in dry 1,2- 
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dimethoxyethane (DME) under a nitrogen atmosphere. The 
1-chloro-cis-2-butene was obtained by the addition of 
ets-2-buten-1l-ol to phosphorous trichloride in the 
Presence Of) pyridines (40) ve Ducting. thissreact1on about 52 
of 3-chloro-l-butene was formed, however, complete removal 
of it is not necessary since it will not alkylate the 


dianion of DEHD., 


vers a DEHD 


OH : 
ae: pyridine nae a 


Pure eis-2-buten-1l-ol was obtained from the 
hydrogenation of commercially available 2-butyn-1l-ol in 
the presence of Lindlar catalyst followed by preparative 
Gasmchromatograpny (ge), On ams ,3'—-OxXi dipropionitrule 
(ODPN) column, The nmr spectrum of 9 is shown in 
PiguLewl. 

The (E,E,E)-4,4'-azo-2-butene was prepared in 
an analogous manner except that the starting material 
was oppo Ree ecg This was obtained by subjecting 
a commercially available mixture of ets- and trans-2- 


buten-l-ol to preparative gc on the ODPN column. The 
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nmr spectrum of 10 is shown in Figure 2. 

During the course of the investigation it 
became evident, that knowledge of the product distribution 
from the thermolysis of (Kissy ousaZzO-)—butene (13) and the 
kinetic parameters for this process would be of interest. 
The synthesis of this azo compound could noe be accomplished 
in the manner described before, since direct alkylation of 
DEHD does not occur with 3-chloro-l-butene. Synthesis via 
methyl-vinylketazine was unsuccessful because the initially 
formed hydrazone undergoes immediate cyclization. The 
alkylationgor acetaldazine with vinyl lithium wasmeattempted 
but failed. The azo compound, however, was formed in 
very low yield by the direct allylation of hydrazine 
hydrate with 3-chloro-l-butene in the presence of 
potassium carbonate, at 30°, and subsequent mercuric 


oxide oxidation. 
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from the mixture by preparative gc. The nmr spectrum of 
13 is shown in Figure 3. 

The (E) -4,4'-azo-(2-methy1) -2-butene (15) was 
prepared in the same manner as the 4,4'-azo-2-butenes, 
except that 3-methyl-2-buten-l-ol was used as the starting 
alcohol; it was prepared by the lithium aluminum hydride 
reduction of the methyl ester of senecioic acid. The nmr 


Spectrum of 16 is shown in Figure 4. 
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B. Thermolysis and Analysis of Products 


The thermolyses of the azo compounds were 
carried out in a 1200 ml Pyrex glass vessel, situated in 


a well thermostated air bath. The temperature at 120 - 
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130°C could be controlled to within t02,01°7C.. Samples of 
5 wl of the azo compound were introduced and nitrogen was 
added to obtain an initial pressure of 100 mm. 

Thermolysis products were trapped with liquid 
nitrogen and analyzed by gc. Peak areas were obtained 
from a Hewlett Packard Model 3370 A electronic integrator, 
directly connected to the flame ionization detector of 
the gc. 

The product distribution and standard deviations 
from compounds 9 , 19 and 13 are shown in Table V, 
for the individual results see Appendix A. The peaks were 
identified in the manner described by Doering and Roth 
(40) s7 Compounds); | 3= and §13= are actually mixtures of 
meso and rac as indicated by gc. Although no baseline 
separation of meso and rae 3 could be obtained at a 
column temperature of 25°C it appears that they are 
formed in approximately a 1:1 ratio. All other thermolysis 
products and the azo compounds themselves were cleanly 
separated, see Figure 5. 

Control runs showed that no isomerization 
OCCULred prior tO, fragmentation. of the azo ycompounds.@ At 
60% completion recovered samples of the azo compounds were 
judged unchanged by nmm@and gc. This fact rules out a 
reversible azo to diazene (41) rearrangement at this 
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FIGURE 5: Gas chromatogram of the products from the thermolysis 
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ehe 3,3'-azo-1-propene-3 ,3-d, had observed some scrambling 


of the deuterium from the a,a-position to the y,y-position 
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A process, responsible for this type of rearrangement was 
not detected for the azo-butenes. Such a process would 
show as either positional or geometrical isomerization of 
the butenyl groups in the azo compound, or both. 

Changes of the surface of the reaction vessel 
as well as change in the surface to volume ratio did not 
altersthe product distribution significantly. 

In another control experiment, isomerization of 
the diene products was proven to be of no importance 
under the reaction conditions. This is in agreement with 
the results of Doering and Roth (49) who reported that 3 
undergoes the Cope rearrangement only at temperatures of 
200°C and above. 

As Crawford and Al-Sader (15) had observed for 
the allyl radical,the butenyl radical does not abstract 


hydrogen to any degree since only minute amounts of 
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butenes (less than 0.3%) are formed, 

The product) distribution from thermolysis of the 
azo compounds 9 and 10 in dihydronaphthalene and 
decahydronaphthalene is shown in Table VI. 

Product distribution from 16 and standard 
deviations are shown in Table VII, the individual values 


are given in Appendix A. 


The dienes were identified by heating a mixture of l/7, 

18 and be Gf known Compositdon EORLE0 atom two hours. 
Under these conditions 19 is expected to undergo the 
Cope rearrangement to give 1/7 . The composition of the 
mixture after heating is enhanced in l1/ , unchanged in 

1 ooeands reduced ing). 

The same hydrocarbons in a slightly different 
ratio were obtained by Baldwin and coworkers (41) when the 


unsymmetrical azo compound 20 was’ heated to 75° for 60 
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TABUEE VE 


Product distribution from the thermolysis of azo-butene (16) 


ators. 9910. 01°C (100.torr nitrogen addedsin. 1200 mlsgqlass 


vessel) 2'> 


% yield (standard deviation) 


Compound Gi) (18) 9) 
(16) 60% lal 3304 6.05 

(0.19) (020) (0.06) 
a 


obtained from six samples (see Appendix A). 


2 values are not rounded off for computational purposes. 


(C) Kinetic Measurements 

The kinetic studies of compounds 9, 10, 13 and 
16 were carried out in the stainless steel reactor used 
by Al-Sader (42) and Mishra (43) and devised by Smith (44). 
The increase in pressure was measured by the increase of 
the electromotive force (emf) as indicated on a strip 
chart recorder. The pressure reading was converted into 
emf via a calibrated transducer. 


The rate constant of a first order gas phase 
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is given (45) by the equation 
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co 
where k is the first She rate constant, sts the time 
and P is the actual pressure inside the reactor. 

The relationship between the emf caused by the 
pressure change on the transducer and the pressure inside 
the reactor was found to be linear throughout the range in 


which the studies were carried out, and can be expressed by 

E = aP'+b . (2) 
where a and b are proportionality constants. 

The observed pressure in the system used is 

1 2 Pea (39 
where ae iS eanconstant. quantity, namely the pressure 
required to push the diaphragm from its equilibrium posi- 


tion against the needle. Combining equations 2 and 3 
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Substituting equation 5 into equation 1 we get 


for the rate constant 


Bee — 
he pe 2 OS Log — e) 


(6) 
t Ey 


where E,, is the transducer emf at 100% completion, i.e. 
attere lOO) halr* lives “and Ey LS the emb "au ‘time con 
seconds. 


Thesquantl tye (Ee EQ) is a constant and thus 


equation 6 becomes 


k = - S202 bog (B, - B 


a) Se (7) 


PrOLeIGaLOge (he EY) versus time gives a 


straight line with a slope equal to from which 


heehee 
2s Os 
the rate constant can be obtained. Between 10 and 28 
points were taken off the chart record between 20 and 80% 
completion (Figure 6 and Appendix B). 
For the evaluation of error limits the least 


square method was employed (46). 


Equation 7 can be rewritten as 


Y—=— Xba (8) 


where y = Log (E,, - Ey) b= - 57303" x = tanda-=Ce&= 


LOGm (Eas = EQ): 
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The least square analysis gives the best fit 


values for the slope 
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and for the intercept 
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The probable error in b can be shown to be 
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Rate constants for the thermolysis of the azo 


compounds 9, 10, 13 and 16 are shown in Table Val loyethe 


Pnoividueal, Values for thewemivon which the Calculations 


are based are given in Appendix B. 
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TABLE VIII 


Rate constants for the thermolysis of CAL E42 14 aAgZOn2— 


butene (9), (E,E,E)-4,4'-azo-2-butene (10), (E)-3,3'-azo- 


1-butene (13) and (E)-4,4'-azo-(3-methyl)-2-butene (16) ° 


Compound 


Pave) 


Viltemperature 


(°C) 
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it can be seen that a plot of Log k versus = should give 


soul 


a straight line with the slope being equal to a oor) E. 


For the evaluation of this slope the rate 
constants at the two extreme temperatures were used. For 
the error limits the upper limit of one rate constant was 
Usedewithe che lowereiamit sort the other ~and vicesversa. 
This method gives a satisfactory evaluation of the errors 
Since the precision of each point is incorporated (47). 

In a least square analysis the two extreme points are 
dominant’ im the calculation ‘of the Slope, if only three 
points are available. 

For a gas phase reaction the enthalpy of activa- 


tion is given by 
AH = EA ct guatil C15) 


where nis the order of the reaction (45). Thus for a 
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From the transition state theory (45) the first order 


rate constant can be expressed by 
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WHE? Cano el SeChiGeentropy Of actilVation,) k.s1sebolezmann's 
constant and h is Planck's constant. Combining equations 


PSG and L/-we obtain 
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2.303R Log Pra (18) 
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Equation 19 was used to calculate the entropy of activation 
at 150°C. The activation energies and the entropies of 


activatLlon are shown in-Table Ix. 
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TABLE IX 


Kinetic parameters for the thermolysis of azobutenes eer 
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DISCUSSION 


(A) Mechanism of Product Formation 

In excellent agreement with the results of 
Crawford and Al-Sader (15), the thermolysis of the azo- 
butenes 9, 10, 13 and 16 is not complicated by induced 
decomposition. The butenyl radicals, as has been observed 
for the parent allyl radical, seem to be unable to abstract 
hydrogen from the azo compounds, or from the products, 
to form butene. An analogous reaction is believed to be 
responsible for the induced decomposition of azomethane 


(10). In no instance was the total yield of butenes 


aes S45 N 
CH,CH===CH===CH, He PER Oe See ee 


~ N 
CH,CH=CHCH, + — REA CO Ne 


None wetnan 0.55. 


Decomposition however could also be induced via 
an addition of a butenyl radical to a carbon-carbon 
double bond in the azo compound. Neglecting ets-trans 


isomerism it can be seen that such a process would lead 
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to 3,4-dimethy1-1,5-hexadiene 3 and the 3-methyl-1,5- 
heptadienes 4 and S starting with jcitner @7-7,8)—-4) 4) — 


azo-2-butene (9) On (E,E,E)-4,4'-azo-2-butene (10) 
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: 2 SS Bas Nagin cae vice 7 
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For (E) -3,3'-azo-1-butene (13) an identical 
process would lead to the 3-methyl-1,5-heptadienes 4 


and 5 and the 2,6-octadienes 6, 1 andes 
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From Table Vat can be "seen that the total 
yield of 3,4-dimethyl-1,5-hexadiene and 3-methy1-1,5- 
hepcadiene from’ the azobutenes 9 and” l0yis actually 


lower than that from the azo compound 1 


~ 


PoOo woo em EGON 69; 
64.22% from 10 and 64.36% from 13. Similarly athe total 
yield of 3-methyl-1,5-heptadienes and 2,6-octadienes from 
USn(82.97%) 41s NOtesignit icantly different than that from 
Mees. 02s) sand LOT G2. ete). 


The same product argument can be used’ to rule 


out a molecular reaction of the type 
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As can be seen such a process would produce only 3,4- 
dimethyl-1,5-hexadiene from the azo-2-butenes Shecsbare. Ae 
whereas the azo-l=butene 13 would lead to “only*the 
octadienes. The formation of the 3-methyl-heptadienes 
could not be explained by such a molecular process alone. 
The absence of a reversible addition of a 
butenyl radical to the azo double bond as well as a 
reversible one bond fragmentation is signalled by the 
fact. that ail beazo compounds “could ‘be recovered “inchanged 
when the thermolysis was allowed to proceed to partial 
completion. EBithervor both of these: reactions were 


suggested by Crawford and Al-Sader (15) to be responsible 


for the observed 3% deuterium scrambling during the 
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thermolysis of 3,3'-azo-1-propene-3 ,3-d.. 
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Either process would isomerize the starting 
azobutene as well and must be below the level of detect- 
ability in the present study since the recovered azo 
compounds were always judged unchanged by nmr and gc. 

A possibility to consider is that the isomeriza- 
tion of the butenyl radicals takes place at the wall of 
the reaction vessel. Neither a change in surface nor a 
change in surface to volume ratio altered the product 
DLOpoc tions Sicniticantly» Table xX. Aging@or the 
glass vessel also had no effect, 

The distance a radical can diffuse in its mean 


lifetime can be calculated (48) from the equation 


<2 (GP 20 


where ty is the mean lifetime and D is the diffusion 


constant (48) which in turn is given by 
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TABLE X 


Proauctedi steer burrton. £rom (42,E) -4,4.-az0o-2-burene Din 
(El), a —azo-2-putene (10) and (E37 20-4202) 2 DuULene 


~Yv 


(13) in a 25 ml glass vessel at 125.50°without nitrogen 


added 
% Yield 
Compound 3 © ) 6 i 8 
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lL 
by pater u Slo TNs 
we co D ( | (21) 


where Ji is the average molecular radius, N is the total 
number of molecules present per unit volume and yp is the 


reduced mass, i.e. 
(22) 


In the present case the butenyl radicals travel 


through nitrogen molecules thus 


ie di i 
Hie ot 280 5S 
eke = 3 >6.. 
fe) ° 
Taking the values Jy = 2A and J. = 5A as the molecular 


radii for the nitrogen molecule and the butenyl radical, 
respectively, we obtain Jio = 3.5A, 


The number of molecules of nitrogen can be 


calculated from 
N See nN 233) 


where n is the number of moles and Ny is Avogadro's 
number. The number of moles of nitrogen in a 1200 ml 


vesselmatvel3s0°si Ss given bY 


Es PV 24 
n = R-?T ( ) 
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Prom the values given, the diffusion constant 


was calculated 


Dimes 050270 ome Rye 


Using van den Bergh and Callear's (49) value of 

WE Ths -) ley - 
Sener ee BOD cm mole Sec for the rate constant for the 
recombination of allyl radicals, the mean, lifetime of the 


butenyl radicals can be calculated from 


; 
is = (25) 
D pe ee 


Steady state approximations for the process 


k k 
ReNe Ne on Ny cone ee 


give 
k, [azo] = feet EEA (26) 
and 
k, [azo] 
[R:] = enieaa” C25/,) 
comb 


Wheremlagals refers to tie initial concentratron ser ine 


5 ib 


azo compound, about 2.4 x 10 ~ mole 1, and [R+] refers 


to the total concentration of all butenyl radicals. 
-4 

Using equations 25° and 27 and the value of 1.365) x 10 

for ky (see Table XI), the mean lifetime was found to 


be 


= TlvaSec. 
ty 0 
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TABLE XI 


Rate constants for the thermolysis of 


azobutenes 9, 10, V3 and 16 ae Le Sea 


Compound (sacs s) 
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the distance travel led bytthesbuteny ly radical 
during this mean lifetime can be calculated now from 


equation 20 


x = eee ID =m. 069-7 ems 


The reaction vessel had a radius of 6.5 cm. 
Since the volume of a sphere with radius 6.5 cm is 1149 cm? 
as compared to 1097 cm? for a sphere with radius 6.4 cm, 
it follows that more than 95% of the butenyl radicals were 
never in contact with the wall. 

The almost identical product distribution from 
Oe l0-and 13 ineteates that the butenyl radicals have 


come to almost complete equilibrium in the gas phase at 


125°C before. combination occurs 


However, some degree of retention of configuration is 
Scll te opsercvea. | Thus (Z,Z2,E)-4,4'-azo-2-butene (9) 
produces slightly higher yields of S-me thy l= (4) io — 
heptadiene (5) and (Z,Z)-2,6-octadiene (8) than does 
(E,E,E) -4,4'-azo-2-butene (10). Similarly 19 produces 


more 3-methyl-(E)-1,5-heptadiene (4) and (EE) =2,6-octadiene 
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(6) than does Ose Application of the ¢-test | (50)micontirms 
that these differences are significant. 

The ¢-test is used for the comparison of averages. 
An estimate for the variance of two sets of values 
Xor seeeey X (with average x) 
and 
(with average y) 


ie Saya on agen 


is given by 


2 

(ox) 

2 aL 

Dog gs 

ee (28) 
(nels ened) 


The value “for ¢ can then be calculated ,.from 


(29) 


forn(n + m - 2) degrees ofefreedom., The measure © thus 
USaecilewlaclo Of the ditference between” the averages, co tiie 
standard deviation of this difference. Values fore: 
with confidence limits are available in tabulated form 
GSc)eranaschnown, in Table sxlt, 

Values Of © CGalculated from the product: disuri— 
bution from thermolysis of the azobutenes 9 and 10 | 
are given in Table XIII. A value for ¢ exceeding that at 


the critical 99% confidence limit signals a significant 
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= See 
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difference between the two averages compared. Thus it 

Gantber seem that ‘with 992 "confidence. thesproduct’ distribution 
EromMeo Srssdarrerent? from thator 0 (Seta Ay teldsmoLrdvenes 
from 9 involving combination of a butenyl radical with 


a ets-butenyl radical are higher than those from 10. 


(Bye) Evaluation of whe Equilibrium Constant for thesets—trans 
Isomerization of the Butenyl Radicals 
An interesting statistical model can be envisaged. 
Both the ezvs- and trans-butenyl radical have two centers 


OToereacthiVity . 


The studies cited in the historical section 
(3 6)je*showedtnat theirationo£ ‘the reactivities "ac 
the primary versus the secondary end of the butenyl radical 
pembarcer tom the frane-radi cal 2\\tham formtnesers—radical 
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radical more than does the methyl group in the trans- 
radical. On the other hand the steric factors to attack 


at the secondary center will not be greatly different in 


28 and 2. 
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Linet he mole tractions, of a1 vand) 2a neethicemnieccu ce 
are given by x and y respectively then the total yield of 


product is given by equation 
MASE SNE ee A (30) 


Bietnesa1lene distr bution 1S also Givenvine mole! fractions. 
Statistical terms of this equation can be associated 

with each of the dienes formed by combination of two 
butenyl radicals. Since the yield/of 3)4-dimethy!—175-— 
hexadiene is given by the term (ax + by) 7 we can use the 
yield of 3 to evaluate (ax + by) and obtain (ax + by) = 
0.4122 from azobutene 9. The formation of 3-methy1-(E) - 
1,5-heptadiene is given by 2(ax + by)dy; using the value 


for (ax + by) calculated above we Obtain dye=—sU0go404. 
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From equation 30 we then obtain 


Cato) sees (brave =) 150 (1) 


which allows us to calculate a value for cx, i.e. cx = 
0.2444, These values can now be used to calculate the 


yields of 5, 6, We ances andswe obtaing0: 201 5 aG[2 (axa by) 


oe ORL G79 7s ((2exdy) eaand. 0.059 7+ 


Covi) pean cel Lone (cic 
URES as compared to the observed values 0.1859, 0.1191, 
0.1767 and 0.0654 respectively. 

As can be seen the agreement of predicted and 
observed yields is quite good, although the model is rather 
crude. Similarly the term dy can be obtained from the 
yield of (Hh, E)—2,6-Octadiene in which case the yieldsgor 
Aer end? 8acan be predicted, “The results, for enese 


calculations are shown in Table XIV, 


The ratiogot — can “similarly. be caliculated in 
different ways e.g. 

dy = [6] = heed eter 

cx ten 7 15) 


The values for oy calculated in this manner are 
shown in Table XV. Because of the partial retention of 
configuration the values calculated from the product 
distribution of 10 are always slightly larger than those 


calculated from 9. In order to estimate a value for 


~~ 


68 


1y 
: bess: ain oe 
“ett edelvolas os beni bt vor eo eRoley smage 

ys © webS)) .C105,.0 ange aw bas 2 Grp Sh 9 ah ; 

| Heed, 0 nas erie y .eChe.0 | MORE bic 
giett.o ,20al 0 eaufav Rerapeio od}: 6) Sotmagmice Cy) | 
Vioeivediey oan. 

bfaet hasolewyts io tcenapige ofispese ad elo ae 7 

Sodseeo sl debts oft cpauttlys .fiose 24lep 2) SOIR ; 
Spmos> howls odd ea nhs sb med off) ylonDieae 

Bo eBiely ol? sha deity ut oneliteco+p Se Ge 

apezt? 107). es lyeet afl’ \havolfeic ol nag & wae © 4 

sist welder” uk, syeeid He eatin 


i 


? Deteivei:s o4 vintidmie oes .— t. wifan aa - 
. Lis eyhy 

oi een ay . in od 

| baer 4 i 


ip in aids A ttJelbolas Be Tih emntaw al?’ 
ar Pettey Oa = HeliasG| Ue na: 
: geist: onetur mighs 


: erty 
oS aeiae nt ay it 


69 


GSec7 T0°0z - - x9 (Aq + xe)z cs a 
ieee SP°8z - - Ap (Aq + xe)z p 

- - ZZTP*O (Aq + xe) 7 (Aq + xe) S 
7S°9 eae _ - 7X50 g 
EO ey 6L°9T - - kpxoz Z 

° ° a —_ A Cy 
T6e Tar 61° ET 74,P 9 ~ 
6S°8T Cie ~ ~ xO (Aq + xe)z G 

= s PEPE’ kp Ap (Aq + xe)z a 

= = CZTP'O (Aq + xe) 7 (Aq + xe) (2 


(2) (3) SNTePA uoTieTnotes SUSTP To SUSTq punoduos 
PpeAartesqo PSLOTperzd TePOTASwWNN UT UOTFeUIOT roz OZY 
PTSTA suatgq Pesn wry Wis TeE9TIstzeAs 


Sale tld, 5 eee a ame a ce el, 
cour) ete OAR eo (a) ore (OT) 


SUOING~Z-~OZe— 4G (FAIZ) ‘ (6) SUSING=Z=O2B= 544 (E9G IF) JO StsATowzsyA ayy wOorz 


UOTITSOdutoD SUSTP 2uA Fo USUI eezR TeOT3STIe4s WOT uoTINdTzAsTp SUSTPD pez0Tpe7g 


ba Os ois aa te 


= 7 


s i seo boul 1 mest benieetsate 
aC era “Deets é mz. acismesn? ‘s6d: 


(@) eiiey « “eiteins es : erate td 


- SR {id nares), 
" BEAL .0 —_— & 
eL.0s - : 
ev 1: _ 2 
8S ..0f - - 
7e.¢ - = 
a Esit.c (yt xe) 
es, 6: mn 
TO.08 - a 


70 


SIE aS Boe C = x Kp (Aq + Xe)Z 


F 
- - LYTv’O (Aq + xe) USE > 282) 5 
e ° is st D8) rt 
rae eS Gas Se 8 
Lb’ LT ESE or - - KPxoZ i 
Oca cl p6°IT - - 7A,P 9 z 
. OT 
: - = - xo (Aq + XB)Z G 
- - 9SPE°0 Kp Kp (Aq + xe)z 7 
- - LvTp’0 (Aq + xe) 7 (Ad + xe) c 
e e = = > @) 9 
7S°9 68°S pie 8 
Loa GE9t - = KpxozZ iE 
* a . ik K 9 
EGren0 p 7A,P 9 
. ut ee ee eee ee a ee ee 
(%) | (%) ONnTeA uotzeTnoTeo auSeTp FO suetq punoduos 
peazesqo peqotpezd [eotrsunNn ut uOTFeULAOT TOF OZW 
pTetA suetd pesn wi, wie TeoOTASsTW3e4S 


RS 


AIX dTdvb 


- -- - Seer met) ac : 
tepisocci . = =SCat nt 1408 
aulayv mitedentes => . e7eid ro = snede bez 


= = 


: ¢! 


et ae ty 
exted + mais 7 Sa 


$5 


we ana ‘ 


i J: 


- 2 4 XO e 
g0°9 99°S ey 8 
Pore t 29208 ~ - Kpxoz je 
e ° mon _ A ey 
P6°IT 6L2ct 7fP 9 
8P°St Go GT - ~ xo (Aq + xe)z iS ai 
= Cos T6Pe°0 &p kp (Aq + xe)z v 
= - 6ZIP ‘0 CAG ae) 7 (Aa + xe) e 
° e = — re ‘@) r4 
ZT°9 cee 2X. 8 
Ly’ LT 67° 9T - = Kpxoz th 
- Es . K K 9 ~ 
€6PE°0 p *,P 9 ae 
967381 PG ar - - XD (AC™ exo ye ce 
— 
(%) (3) ONnTeA UuoTzIeTAOTes SUuSTpP FO SsusTq punoduos 
pearesqo perwotperd Teotzowny UT UOTIEWIAOF ATOZ OzW 
pTetA suetg pesn wig, WIS} TeOTIsTReIAS 


a 


ATX WIdvL 


_ 2 
—— = i 


st 
iL = 


en3sc ber 2 
gc gle ey a Zeakoneeel ak - 
4 svisv nokIes poiso 


- 


x>{ a: “a 


°*¢.. =, 


2 


° ye" - - x9 8 
80°9 iss S) ze 8 
VO°LT 69° 9T - - ApxoZ fp 
a = . K K 9 
oS) Pp 2 7 9 x 
8P°S8T S6°6T = - XD (AG exec ic 
See ee GenezZ 2 ” Kp (kq + xe)z z 
= - 6Z1v "0 kq + xe) 7 (Ad + xe) ic 
(3) (3) onTeA Ont Se Tio e SsusTpP FO euetqd punoduos 
PexzesdO  “pegorperd TeoTszcumN Ut UOTA eucOT IGT OZY 
| PTeTA suetd Desh Wie lm Ute Teotiet.ess 


AIX WIdvL 


the equilibrium constant K, the ratio has to be 


evaluated, 
4 K 
x 
k 
k x 
ies 


Proms thesresults of— the thermolysas angsolutivon, 
Table VI , it can be seen that the yield of 3,4-dimethyl- 
1,5-hexadiene is basically the same for compounds Oeandeto, 
confirming that there is little or no difference in the 
reactivatyeatethe secondary) end of, the) butenyieradicals, 1 
ands 2eat, 1252, 

Any difference in reactivity at the primary 
end of the ets- and trans-butenyl radical should be 
reflected in the yield of the heptadienes. Thus if the 
reactivity at the primary end of the trans-butenyl radical 
was greater than that at the primary end of the ets- 
Dliteny eradical, ches ratio Of; S=methyl—(4)i1o-hbexadvene 
to 3,4-dimethyl-1,5-hexadiene starting with (ay oye) 474) 
azo-2-butene should be smaller than the ratio of 3-methyl- 


(E) -1,5-hexadiene to 3,4-dimethyl-1,5-hexadiene starting 


with (E,E,E)-4,4'-azo-2-butene, l.e. 


if 
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Similarly the ratio of dimethylhexadiene:methylheptadiene: 
octadiene would be different for the two azo compounds. 
From the results of the thermolysis of 9 and 10 in dihydro- 
naphthalene, see Table vi, thesratio /Ole3 motive aa eo 
Peacene nts So) ao inicthyd 17 5-hexadlenemrronsugus 
Calcite ed@ lo be 2.36 ,and the ratio of B-—methyi— (i) 17 5— 
pexadienes toms, 4-cimechy i=l, o-hexady ene. £LOMms Om seas ie. 
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2 
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; d d 
which gives ore 0.98. A value for aie smaller than 
1.00 is not expected and reflects the uncertainties in 


Ehesoroduct, distribution from the thermolysisminesolution, 


dae. 
Nevertheless, at 125.7° the value for er ne not much 
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TABLE XV 


Equilibrium constant for the ets-trans isomerization of 
butenyl radicals calculated from the product distribution 
HE (4, Gis) 4,4: -azo-2—bucene (3) and CE See eee One 


butene (10) 
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larger than 1.00, which is in good agreement with the 
resuits of Walling and Thaler ( 3°), who observed that the 
differences in reactivities at the primary end of the two 
butenyl radicals Wand 2edecrease with increasing tempera— 
eure. Thus the value for —— in their studies was found 
CesleCee Ook ACT -7/8 0° Mande. 59 at ~40 2 s(Tablas1)s, 

The value for the equilibrium constant K is 
thus given by the ratios = Shown in Table UxXvV.. ihe 
value for K calculated from the 3=methyl—(E)—1),5-hepladiene 
COmeo Meu. (7) 1,5 -hepradilene Tatlowisepreterredspecauce 
both dienes are formed by combination of the primary end 
Ofethesbutenyi radicals 1 and 2 with the secondary end 70L 
other butenyl radicals. Since the value for K is affected 
by the partial retention of configuration, the mean of the 
CwOsVvarues calculated? for 9 and 10,5h = 1.54 will be used 
for the remainder of the calculations, 

From the above values it can also be seen that 
the reactivity *satsthe primary fendeot -therbuteny mradical 
ESeqreater by aw factor #o£fsl. 44than ehateate the secondary 
CNaeatel25 i/o. 

This model can also be applied to the radical 


formed from the azo compound 16. If the two reactive 


sites are marked with e and f, e.g. 
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then the total diene yield is given by 
2 
FS erie | SEs (34) 


and since z,ithe molar: fraction of the radical is equal 
jetey ak 


(ea £) * = het) (35) 


Again the statistical terms are associated with the dienes 


formed and e calculated from the yield of 2,6-dimethyl-2,6- 


octadiene; the predicted yields for the 3,3,6-trimethyl- 
1,5-heptadiene and 3,3,4,4-tetramethyl-1,5-hexadiene can 
then be calculated. The results are shown in Table XVI. 
Again the agreement of predicted and observed yields is 
quite good, The reactivity at the primary end of the 
methylbutenyl radical can be seen to be greater by a 


FAC COMmOLS. 2) tian, that at the tertiary endeac io. On 


(C) Kinetic Parameters 


The activation energy for the thermolysis of 


3,3'-azo-l-propene is 36.1 kcal olen with an entropy of 
activation as, Gfel0te.,u. (15), Promefablevixe tere 
se 


evidene, thar onlyethe values. of the EL and ASmacor the 
thermolysis of 9 and ioeare comparable to those for the 
thermolysis Gf 3,3'=azo-l—propene. In comparison the 
values for the thermolysis of 10 are quite unexpected 


and no attempt is made to explain this discrepancy until 
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more information is available. Although steric factors 
are known to play an important role in the decompositions 
of azo compounds (51), these alone cannot be responsible 
for the observed results. The high values for E, and ast 
for the azobutene 16 could possibly be caused by the slow 
vaporization of the azo compound after injection into the 
kinetic vessel. A study of this compound will be undertaken 
in a different vessel and with a different analysis method. 
The kinetic parameters for the azo compounds are used to 
calculate the rate constants at 125.7° and the values are 
shown in Table XI. 

It is of interest that the meso- and rac-isomers 
of S13 FiEragmenthattarslightly di ftfierenterate pademonstrating 
the importance of steric factors. When the mixture of the 
two isomers, obtained from the synthesis, was heated to 
025 p72 Sfor 830 “minutes (about ‘three halilives)?,; Sthe¥composi— 
tion of the mixture changed from 40% for the isomer moving 
faster fon "the “ODEN "capillary «column “and 60%0f ‘thesother 
to 502 “each. “ Thus “the isomer moving Laster on *thevcolumn 
reacts approximately 1.2 times faster than the other. 


Differences in rate constants for meso- and rae- azo 


compounds have been observed before Cone 
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(D) Evaluation of the Energy Barrier to ets-trans 

Isomerization of Butenyl Radicals 

In sectron’ (A) of" the discussion a value for 

the mean half-life of the butenyl radicals under the 
reaction conditions was obtained. This value in combination 
with the partial retention of configuration can be used 
to estimate the energy barrier to ects-trans isomerization. 
Using the yields for 3-methyl-(E)-1,5-hexadiene from 


10, 28.66%, and that for 3-methyl-(Z)-1,5—-hexadiene Eromng, 


~~ 


fe! 


8.59% as the equilibrium values we can calculate that 
the isomerization of the butenyl radicals from 10 has come 
to 98.8% completion and that of the butenyl radicals from 
9eto 98.8% completion, both of these being minimum svalues™ 
Etycan bewshown byethe t-test that the value of 287522 
With the standard deviation 0.06 is not significantly 
Gifferent at the 99% confidence limit from 28.66% with the 
standarardevivationed 721.5 JareSimilarly the value 187422 wrth 
the standard deviation 0.17 is not significantly different 
from 18.59% with standard deviation 0.08. fThus the 
isomerization could have come to 99.6% completion as a 
maximum value, above which no differences would have 
been detected as significant. 

Thus we obtain that the mean lifetime of the 
radicals is approximately six to eight times larger than 


that for the isomerization, 1.e. 
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Stine t 6G! 
kLisom < krecomb < kisom 


Phe Mean piitetime, calculated sberore,wgqives 


for the halflife of the butenyl radicals 


Wits Seva = In2 x th = 0,12 sec 


and the limiting values 0.015 sec + and 0.02 sec! are 

ODD ALISO POV Ty. . 
kisom 

The halflife of a first order reaction is given 


by 


qe = in2 (36) 


45 k 


where k is the £%rst order rate constant 


Peg tee Aili ses (37) 
os 


The rate constant for the isomerization process 


ce can thus be calculated: 
isom 


-1 
46.2 sec > cere > 34.6 sec 


For a process approaching equilibrium 


k 
A => B 
B 


the rate constant can be shown (53) to be 


k = k. +k (38) 
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This gives for the ets-trans isomerization of the butenyl 


radicals 


ese ee 


eon oe Kot o sere (39) 


In connection with the equilibrium constant 


k 
mo oS 2 aie 


Ee 


values for ive and Laie can be obtained: 


te 
-1 
20020 "Sec > Ko > 21.0 sec 


1872 sec Sak Sail MS eet sere 
1Ee@ 


The change in free energy in going from the 
ieittal stace to the transition state (45) Sisto ivens py 
the equation 

=} eas 


AG  =+2.503R0 Log =r 2 .-s03RD BOGE (40) 


Using equation 40 values for the energy barrier 
to cts-trans isomerization can be calculated and are 


shown in Table XVII. 
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Energy barrier to ets-trans isomerization of 


the butenyl radicals 


act upper limit act lower limit 
Reaction (kcal Olen. (kcal weker 
CLS > Lrans Dee 202 
trans > cts 2it,5 Patten &} 


Ascalculation tor the barrier tomrocationgin 
the butenyl radical may be carried out using existing 
data in the literature. The transition state for cts- 
trans isomerization is assumed to be a twisted structure 
21 with zero overlap between the p orbital on C2 and the 
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T bond between Cy and Co: 


84 


CFV > Gis ve 


I a sien) eewet-sbs co 19itsred ypzena 


v (en Pho fy etic! ef ‘ 


~~ a e-o <= 


- 2a 


‘ . 7 o & 7 
| Paitin. feos) no Liason 


— —e ————_ ——+ =~ eee Oe — 
P — 
Ba OS ¢ aspen? + B25 
a 7 
® 7 o. - 
7. + mS I ero an mntd 


oui bw - Brite ‘ori penosk wipes 
td 


: 7 ; 
Birt | iit aio’ y da 2 onc moowse! feu Teve a w aS 
‘ 7 et 
2 neawied * nod 


A transition state such as 21 can also be 
thought of as that obtained from the hypothetical addition 


of a hydrogen atom to C, of 1,2-butadiene; again the p- 


Z 
orbitals do not overlap: 


ANS DN} moa f 
Ca==5C === CH, +H x Jin ke 
TAS (\ A (\ 
H 
The difference between the heat of formation of 
21, (AH?) 51 and the heats of formation Ofe land 2 wild 


approximate the barrier to rotation yin tiewallylicenadical, 
Since the heat of formation of 1,2-butadiene, 


Bioteley ak Ga. mole (54), and of the hydrogen atom, 
Al 


> 
se) 

° 
ll 


NH® = 52,1 keal mole (55), are known, we can calculate 
the heat of formation of 21 if we knew the change ain 
enthalpy for the addition of a hydrogen atom to Cy of 


1,2-butadiene. An approximate value for this can be 


obtained from calculated values for processes such as: 
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° (a) 
AH 98 
CH, = CH, + H: ae CH, - CH, * 3 Gul seas) mole * 
CH, - CH = CH, + H+ + CH, - CH - CH, Seiniauwaciy AeA 
ae 2. -1 
CH ,CH.CH = CH, + He “e CH3CH.CH ~ CH3 -39.5 kcal mole 
oe Es | ? 
GHt= °C Poe sec CH ee CHGH -37.8 kcal mole 
~ 2 3 
H H 
CH, H 
hg ee , : -l 
Ca & + H eC ACH een Cleator -36.8 kcal mole 
f Sama 2 3 
H CH, 


Since in all the above cases the newly formed carbon- 


3 


hydrogen bond is sp” rather than sp’, as in the case of 


the hydrogen atom addition to 1,2-butadiene,another 


AS. ieee mole*, the difference between an sp? and an sp? 


carbon-hydrogen bond, have to be added to the above values 


LO VarAH. Thus,if the reaction between 1,2-butadiene and 


298" 


hydrogen atoms is exothermic by 42 kcal mole? we can 


calculate se according to 


~~ 


O° 
Te RHE) o=batadiene: a) 2298 


api A St (ABE) nydrogen 


Tm 


The value for (AH#),, thus obtained is 47.9 kcal teas 


~v 


(a) calculated from Benson and O'Neal (56) group additive 


values for heats of formations. 
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subtracting from this the value for the calculated heat 

of formation of the trans-butenyl radical 2ewe JOO Gai necor 
the barrier to trans-cts isomerization a value of 17.6 

kcal mole The analogous value for ets-trans isomerization 
is 16.6 kcal mole +, 

It can be readily argued that the value of 6 
kcal mole~t used to correct for the difference between 
sp7 and sp> is too large, and that the appropriate value 
is that fraction of the ethylene C-H bond dissociation 
energy (104 kcal Sonlie Gh) nee the. 38.9. keal nee = ene 
ethane represents relative to the bond dissociation 
energy of the ethane C-H bond (98 kcal node was we Then 
AH 599 is 41-keal mole™+ and the calculated barrier is 19. 
kcal mole > anaw iG vised L mole +, respectively. 

It is interesting to note that hydrogen atom 
and methyl—-radical attack on allene takes place on the 
terminal carbon atom to form a vinylic radical rather 


than on the central carbon atom in which case an allyl 


radical would be formed (58,59): 


A a ag 0H Ses rpms erty ones COE 
CH, S=8@Ch=s8CH + H+ —*x—* CH, - CH = CH, 
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CONCLUSIONS 


(1) The almost identical product distribution 
from (Z,Z,E)-4,4'-azo-2-butene CE bes (EB E44 -az0-2— 
butene (10) and (E)-3,3'-azo-1l-butene suggests that the 
ets- and trans-butenyl radicals interconvert in the gas 
phasewat 125./° ata ratesfaster than that) tor combination. 
Thus the products arise from a "nearly equilibrated" 
reservoir of butenyl radicals. The results from thermolysis 
in the gas phase together with those from thermolysis in 
solution yield a value of 1.54 for the equilibrium constant 


of the cits <=> trans butenyl radical isomerization. 


(2) The kinetic parameters, although as yet 
NGOteravlonalized. in .cOon 7UNCtTON with themequid ion. um 
constant for the ets-trans isomerization of the butenyl 
radicals enable us to calculate the energy barrier for 
the cis-trans interconversion. The value of 20 kcal 
aoe Vo hagneas, compercd) LO. the suggested value of 
2k cal ease (38) for the allylic resonance energy, 
but explains the high degree of stereoselectivity in 


the reactions of butenyl radicals in solution at and 


DevLOwee Oe (3) 7.0:))4 
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EXPERIMENTAL 


All boiling points are uncorrected. 

Gasechromatograpiis \wisedwfor purification of 
starting materials and azo compounds were a Nester Faust 
Model 850 "Prepkromatic" and a Wilkens Aerograph Autoprep 
Model A-700. 

Analyses of products were carried out ona 
Perkin Elmer Model 900 gc, using a flame ionization detec- 
tor directly connected to a Hewlett Packard Model 3370 A 
electronic integrator in conjunction with a Hewlett 
Packard Model 7127 A strip chart recorder. Columns used 
for analysis were 150 ft capillary columns with 0.01 
in. inner diameter, wallcoated with 8,8'-oxydipropio- 
nitrile (ODPN) or silicone gum SE 30. 

The ultraviolet spectra were obtained using 
a Carey Model 14M spectrophotometer, 

The nuclear magnetic resonance spectra were 
obtained using a Varian HR-100 spectrometer. 

Exact masses were determined on an A.E.I. MS-9 
mass spectrometer. Microanalyses were performed by the 
Microanalytical Laboratory of the Department ObeChemistery, 


University of Alberta (Edmonton). 
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(A) Reaction Vessel and Air Bath 

| A 1 7@ round bottom flask (Pyrex glass) connected 
to a vacuum line, situated in a well insulated air bath 
described in detail by Clark (60) was used as the 
reaction vessel, The total volume was 1200+50 ml. The 
temperature inside the bath was controlled by a Melabs 
proportional temperature controller and was measured by 
a Hewlett Packard Model 2801 A quartz thermometer. The 
probe (Serial No. S/N 974-21) was calibrated by the 
National Bureau of Standards. The value of 0.02° was 
subtracted from the readings, as this is the linearity 
COBPeECULTON ain the 120° Bs SAS During a run the tempera- 
ture ‘could bevheld-eonstant within 1£0.02°C. 

The azo compounds were introduced into the 
reaction vessel through an inlet system which was warmed 
to 60°C. Immediately after introduction of the compounds 
dry nitrogen was added to obtain an initial pressure of 


100 torr inside the reaction flask. The initial concen- 


5 a 


trataon) of the azo compound was about 2. 4ex ike}? Sevepher 07 og 


(B) Analysis of Products 

In each run 0.5 pl of sample was introduced 
into the injection port, the temperature of which was 
JCC mine: split’ ratio an the port wasel/0; 1.) Products 


from compounds 9 , 10 and 13 were analyzed on the 
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ODPNeGaplilary column neid at 25°, A typical gas 
chromatogram is shown in Figure 5, Products from 16 
were poorly separated on the ODPN column, better results 
were obtained from the SE 30 column used at 50°. 

The relative retention times ef azo compounds 
wae WS and Clear thermolysis products aresgiven am 


Table XVIII. The analogous values for compound 16 and its 


products are given in Table XIX. 


(C) Thermolysis in Solution 

Azo compound (9) (10 mg) was added to 1,4- 
dihydronaphthalene (100 ul). The solution was placed in 
a capillary glass tube with an inner diameter of 0.2 
cm, degassed, the tube sealed and heated for 120 min 
at 122.4°. In the same manner azo compound cD) was 
thermolyzed in decahydronaphthalene, 

Azo compound 10 was treated in the manner 
described above for compound 9. 

The product distribution from 9 and 10 are 


shown inetTable Vi. 


(D) Kinetics 

The kinetic vessel used is shown diagramatically 
in Figure 7. Samples were injected as neat liquids. 
Values were taken between 20 and 80% completion (see 


Appendix B). 
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FIGURE 7 


Schematic diagram of the apparatus used 


For the kinetic studies 


to vacuum 


Reactor B = Diaphram 


C = Relay D = Transducer 

E = Recorder F = Calibrated needie 
valve 

G = Solenoid valve |. H = Manometers 

J = Small ballast K = Large ballast 

L = Cold traps M = Heaters 

N = Thermocouples 0 = Cold junction 


P = Potentiometer Q,R,S,T,U,V = Stopcocks 
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(E) Preparations 

(2) -2-Buten-l-ol. The procedure used was 
essentially that of Hatch and Nesbitt (39). Lindlar 
catalyst (8.0 g) was added to a solution of 2-butyn-1l-ol 
(25.0%9,,0.357 mole)in methanol (290ml). “The mixture 
was Shaken with hydrogen (0.357 mole) at a pressure of 
s300pSi . athe ~addition was complete inwl.5 hours.) The 
solution was filtered and the methanol removed by 
Greer llation Enrough aa S0acm Vicreux Column amen tte mache 
methanol had distilled off, the pressure was reduced 
POReOOMCOLGeanortne f£ract10n bOLlaing sbetweenmocumanguc se 
wasy collected. Yield: ~24.0°9_(93%). ~A vsecond run gave 
2570) 96(972) -aeDuringy the hydrogenatzon _minoreamouncs 
(owe Shee Ene (By 2 -butens lol were formed. The 
combined products therefore had to be further purified. 
Two successive purifications by preparative gc, using 
aelopetecolum With. 0. 75 in .einner sdvameversoreZ0¢aODPN 
on Chromosorb W support, gave 25.0 gms. This was 
observed to be more than 99.9% pure. The column, tempera— 
ture was) 100°, the helium flow rate 500 em! min ?, The 
retention time of (Z)-2-buten-1l-ol from air under these 
conditions was 18.0 minutes. The nmr spectrum showed 
a multiplet at 4.40t,.a doublet at 5.82T, another 


doublet at 8.35t and a singlet at 6.30T of intensity 
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1-Chloro~(Z)-2—-butene. The procedure was 


essentially that of Hatch and Nesbitt (39). A mixture 

OF 4) 2-puten—!-ol (25.0 9),.0.347 Mole), andmpy Li dine 

(9.0 g, 0.114 mole) was added slowly with Stirring sand 

Hee eCOoiliNg = to, phosphorous trichloride (lo,0mgp lO ello 
mole). The product was washed successively with water, 
Saturated sodium carbonate solution and water again. 

After drying over anhydrous potassium carbonate, distilla- 
ELOnegavercil.s0) Gulcors) Of Pech lOrO-{4)-2-burene along with 
Soot culoro-1—butene,, bp s0-. snemoVvadl Ol atiis mr MpuULLLY 
was not necessary, Since the latter does not interfere 

in the next step. The nmr spectrum displayed a multiplet 
aie oet,8 a) “COUDLeEE ai o.91t and anolLhem doubleleaL 

Bet OLerelabiverintensttres 27253. 


Diethyl N,N'-di-((Z) -2-buten-1l-yl) -bicarbamate as 


In al Zz three necked flask equipped with mechanical 
stirrer, dropping funnel and nitrogen inlet tube, RST en 
SLlonsOtLesDGEHD. (20,459,700 76 mole)Fsin dry (DME 200mm) 
(distilled immediately before use from lithium aluminum 
hydride) was stirred at room temperature, After 53.6% 
sodium hydride (10.4 g, 0.232 mole) was added in small 
portions under a nitrogen atmosphere, the mixture was 
stirred for three hours and a solution of Loch locos (a) 2 


Dutenem(2l,0nd,) 0.232 mole) stn Ghy. DME (180 ml) was added 
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Slowly. A solution of sodium iodide (3.0 g7a0702emole) 

in dry DME (25 ml) was dropped into the suspension at a 
fast rate and the resulting mixture stirred under nitrogen 
overnight. Excess water was then added and the solution 
extracted four times with benzene. The combined benzene 
extracts were washed twice with a saturated sodium 
bisulfite solution, then twice with water. After drying 
Over magnesium sulfate the benzene was removed under 
reduced pressure and the residue distilled under vacuum 
bomvyield 225 08ga(66e)e.0f product withtaamprotel0Genas 

0.4 torr. The nmr spectrum showed a multiplet at 4.40T, 
anooubleteates.90 taandfaadoubleteat 8ass5imalongswrthsa 
quantet at75.S0t andeastriplet atyv8.7571 tfonsthe  ethylester 
function. 


(274) 44h Uy ovaze=2=butenes (2 )ingeinga)200em! 


three necked flask equipped with a reflux condenser and 


nitrogen inlet tube, were placed potassium hydroxide (11.2 


cp Oevmmote): 2952 hethanole (70eml) fandgdrvethyi Ny Ned ta((( 2) — 


2-buten-l-yl) -bicarbamate (14.2 g, 0.05 mole) and the 
Mixteuresre fluxed: undernsnitrogension Psehours. “The pre— 
cipitated potassium carbonate was filtered off and the 
solution concentrated under vacuum. Water was added 

and the solution extracted four times with ether. The 
combined ether extracts iene dried over magnesium sulfate, 


the ether evaporated through a 30 cm Vigreux column and 
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the residue distilled under vacuum, Obtained were 

Dy. 46g" (77%) “Of sproduct) =bpes7°=@at 0F 7/@torre) Thesnmr 
spectrum showed a multiplet at 4.40T, a doublet at 6.50T 
and a doublet at 6 so0mewithe thes hydrazor:protonseat 6.407. 
(a) (27475) 474 oh20-2-putene (9). =TO aswel 
stirred suspension of red mercuric oxide (15.0 g, 0.062 
mole) and sodium sulfate (15.0 g, 0.156 mole) in anhydrous 
ether (100 ml) there was added slowly, with ice cooling, 
agcOLuelonsOTe2 7, )o4, 4. NyarazO—-2-butene= (onl) G7m0e0c 
mole) in anhydrous ether (150 ml). The mixture was stirred 
ate Urelore4d ., 5Shours, sabter=which i t¥waseallowea to warm 
to room temperature. The ether was removed by distillation 
throughtays0 (cme Vigreuxscolumns *Volatite *materials¥in 

the residue were vapor transferred on a vacuum line and 
the distillate further purified by preparative gc. Good 
separation from all impurities in a reasonable time was 
Obtained atecl “von avl0setscolum orell< Ucon-incoiuble 

on Fluoropak support. The product was finally trap to 
t{repedict: tiled under highe@vacuums ~Obtainedgweresi beg 
(549 )eethe snmre spectrum as shown 'in*Figure ls. =ihesuv 
spectrum has a ect at 355 mu (e = 40 in methanol). Exact 
mass 138.1156; calculated for CoH, 4No 123 Bal 57% 


Anal. Calcd. for C,H,,Nj: C, 69.57; H, 10.14; WN, 20.29 
Found: GE*GO FA 7 OH P10 705 Pinel e99 
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(E) -2-Buten-l-ol was obtained from two successive 
gc purifications of a commercially available mixture of 
(Z)- and (E)-2-buten-l-ol. The same column and conditions 
as described for the purification of (Z)-2-buten-1l-ol 
were used. ; )Thesreténtionitime:wasel5.6eminefromeair. «The 
nmr spectrum showed three multiplets at 4.331, 5.94tT and 
at 8.30T respectively with the hydroxyl proton at 6.88T 
of the relative intensities oes ate 

1-Chloro-(E)-2-butene. The compound was pre- 
pared in the manner described above for the ets isomer 
except, that, (HE) 2-buten—1-ol a(27,00g7 02375 mole)min 
pyridine (9.5 g, 0.12 mole) was added to phosphorous 
tCEbeniorides(tit> ¢, 0.125 mole)=. Yield: 237 0ngqr(6es), 
jajey tenors “The nmr spectrum showed a multiplet at 4.25tT, a 
doublet at 4.96 T and another multiplet at 8.28tT of 
relative intensities 2:2:3. 

DiethylLanyNiscdi-=((e) =2=butensiey!) -bicazbamnate 
was prepared in the manner described above for compound 
12 exceptsthat 5336% sodium hydride (li 4g, 07255 mole) 
was pacded -toOmDEHDs (22%44g,m0. 1l28emole) ¢ingdny DME (200 
ml) followed by the slow addition of l-chiore-(E)if2— 
butencs (23. 08g,e0.255emole) -ingDMEa() co gm eeeinally 
a solution of sodium iodide (3.0 g, 0.02 mole) in dry 
DME (25 ml) was added, Peeiieeure stirred overnight and 


then worked up as described above for 12 he eXield): 
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220 g (61%), bps lO4eeat On 4etorr ss) Thesnmnamspect rum 
showed a multiplet at 4.40T, a doublet at 6.04 T and a 
multiplet at 8.33tT along with a quartet 2 Cao gO Lira mec 
triplet at 8.75t for the ethyl ester group. 
(E,E) -4,4'-Hydrazo-2-butene was prepared in the 

Manner described above for the (2,Z)-4,4'-hydrazo-2- 
butenewexCeptethatearmixture Of advethy 1 NUN tdi = (EV=2- 
buven=l-yl)-bicarbamatew (14428, -0705amole);iandspotassium 
hydEoxitde (ll ..29q7 0.2 mole) in 95% ethanol (70 ml) was 
Perruxedsforgl5s’hours, "Obtained: were e5e2 toe (745)), Gbpe40 - 
at 0.5 torr. The nmr spectrum showed three multiplets 
aepewoOT, 6. 70Teand a°trrplet ates ys sTawithethe <hydrazo 
PEROCONSHaAtllG. SOT, 
(b) (B/E, EH) 4974 t= Azo-2-butene (10) was prepared in 
the same manner as the (Z,2,E) Usomer Gel emexceperthat. a 
solution of (E,E)-4,4"-hydrazo-2-butene (S50G0g7 20.02 
mole) in anhydrous ether (150 ml) was added to a suspension 
of mercuric oxide (15.0 g, 0.062 mole) and sodium sulfate 
VESPOR GT OFES6 Rees in anhydrous ethermeloo mie 
Yreld+e9107%59"(57%);8the nmr*spectrum as®shownein Figure 
2. The uv spectrum has a ae avs 56Gmile (oe—= 40min 
methanol). Exact mass 138.1156; calculated for CoH, No 
TS See Lot 
Analeecalca.e tor CoH, 4No: CyHE6Ot5 77 BHP ORL oye Ni 20Gz29 

Found: CVC69S 437 mp hye Os La eNG wom oo 
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(c) (E) -3,3'-Azo-1l-butene (13) SmARmMixtureso£ 85% 
hydrazine hydrate (5.9 g, 0.1 mole), 50% ethanol (80 ml), 
potassium carbonate (20.0 g, 0.146 mole) and 3-chloro-1- 
butenes (18.1 g, 0.2 mole) was stirred for 48 hours under 
nitrogen. The solution was filtered and the filtrate 
extracted) five times with 50 ml portions of ether. The 
combined ether extracts were dried over sodium sulfate 
and concentrated to a volume of 100 ml, which was added 
to an ice-cooled well stirred suspension of red mercuric 
Oxeder255059,00.lemole)) Ssodium.sulfate (257090,m0.26 
mole) PMinwenhydrous ether “(160 ml) ee sAfterisixsnours che 
mixture was allowed to warm to room temperature. The 
solution was filtered and the ether removed by distilla- 
tionechcough@al30 GcmeVigreux columns 

Analysis of the residue by gc on the ODPN 
Capillary column at 40° indicated the presence of at least 
12 compounds. When the mixture was, however, injected 
mibopawhotein jection port (250°) ,wthemtyprcal spattern 
Gipuneactenies es (Wes eo, BOR) i Band 8 was 
observed and at the same time two peaks decreased in 
Mitensity.. The wetentron timessof these ,@ i. 44 and 
1.48 relative to (2,2)-2,6-octadiene, were markedly 
different from those of azo compounds 9 and 10 Sethe 
two compounds, which were present in the mixture to about 


5%, were separated from the other components by preparative 
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GemOneael2 ft ODPNecolumieat 702 and thenwdieti! tea under 
high vacuum, A mixture, 0.4 g (3%), of meso and rac 
(E)-3,3'-azo-l-butene was obtained. Separation of the 
isomers was not possible by preparative gc. From analysis 
One the ODPN "capillary "column 1 © appearsmthat the slower 
moving component constitutes 60% of the mixture. The nmr 


spectrum is shown in Figure 3. The uv spectrum has a Nae 


Soo ml (e"="26 4n Methanol): “Exact mass’ "36 1157; 


calculated fror CoH 4No, BL Sits ok bd bey fom 


Ava we calcd se ror CoH, ANo: 


Found: Cy 69. ae pee Oo mmeN pe Orare at, 


Cyr OF le eels me pee Uo 


3-Methy1l-2-buten-1l-ol. A solution of methyl 
senecioate (51.0 g, 0.45 mole) in anhydrous ether (150 ml) 
was added slowly to a slurry of lithium aluminum hydride 
(Sag, 0.24 mole) ineannydrous ether (150 ml) and = tne mixture 
stirred at room temperature for three hours. The excess 
hydride was hydrolyzed with water and the metal hydroxides 
dtssolved in 15? sulfuric acid, ~The “organic layer was 
separated, dried over sodium sulfate and the ether removed 
one tie rotary evaporator. Distiliation gave  3s0°0°g" (7382), 
Domes ee (liltaeva lus el 40i One) ae 

1-Chloro-3-methyl-2-butene. This chloride was 
prepared in the manner described above for the 1-chloro- 
2-butenes except that 3-methy1~2-buten-1-ol (Ogi Asie 


0.349 mole) in pyridine (12.0 g, 0.154 mole) was added to 
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Phosphorous trichloride (16.0.9, 0.116 mole). Obtained 
were 26.0 g (71%) of product, bp 106-108°. 

Diethyl N,N'-di-(3-methyl-2-buten-1-yl) - 
bicarbamate (14). The bicarbamate 14 was prepared in 
the manner described for 11 except thatw5s. 62 esodrum 
DvVem. Cem ls. 0 O),0.0 .J0cmmole pe wasracdcdstosDEnD 
(26.6 g, 0.151 mole) in dry DME (180 ml) followed by the 
slow addition of 1-chloro-3-methyl-2-butene (26.0 g, 
OSsO3enole) Sin dry «DME (150 ml) (Finallywa so ution oe 
sodium iodide (3.0 9g, 0.02 mole) in dry DME (25 ml) was 
added, the mixture stirred overnight and worked up as 
described above for tak 7 UXYLeEld:) 920 02G0 (464 pe bpe lt 2 
D4 wate a 4s tori, 

Ay 4eenyoraZOue me Liy W) 2 -butencus (5) meine 
hydrazo compound was prepared in the manner described for 
the 4,4'-hydrazo-2-butenes, except that the bicarbamate 

14 ChUGOS OC m0 .03zemole)ewas rel luxed along with 
Povessium NyGLroxide (7/627 97;5 0.126 Mole) slim goer eunanod 
CiUmnijee Obs OsicSu. “nNenprOoauce. 15 was used without 
further purification for the mercuric oxide 
Oe Uae, 

(a) (B) -4,4'-Azo~ (3-methy1) ~2-butene (16). The azo 
compound was prepared in the manner described above for 
the Bono “burenes except that WO: ctvaveromeone ees 


butenes (3.7 g, 0.022 mole) in anhydrous ether (160 m1) 
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was added to a suspension of mercuric oxide (20.0 g, 

0.083 mole) and sodium sulfate (20.0 g, 0.208 mole) in 
anhydrous ether (140 ml). Purification by gc on a 5 ft 
Ucon-insoluble on Fluoropak support column yielded 1.4 g 
(Set )mofr 16. The column temperature was 80°, the helium 
PEOw rates200 imi mines? the retention time under these 
conditions was 28.0 min free from air. The nmr spectrum 
is shown in Figure 4; the uv spectrum had a ee ates OZ mil 
(€ = 42 in methanol). Exact mass 166.1472; calculated for 
Ci Hi gN> 166.1470, Retention times of the azo compounds 


on preparative gc columns are given in Table XxX. 


Anat? Calcd. for Ci oligo: CHOI 220 i LOO 4a aN LO od, 
Found: CHSTI2 17> tHe Ie 0 See Nee 40 
F, Control Experiments 
(i) Samples of azo compounds ere OC eae 


were recovered after the thermolysis had proceeded to 
between 20 and 60% completion and analyzed by nmr and gc. 
The chemical shift of the allylic protons in 2 is 
GQuttferent trom that of the allylic protonsein 10 by 
0.171. The azo compounds are also cleanly separated by 
gc on the ODPN capillary column. Neither nmr nor gc 
gave any indication that the starting azo compound had 


isomerized prior .to fragmentation. 
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(ii) Azo compound 2 (30 mg) was heated to 


148° in the presence of a mixture of the octadienes (5 mg) 


with the composition 6 : 443, pf ees OS SANS GS 
11.5%. Under the same conditions azo compound 9 

(30 mg) gave the octadienes in the following proportions: 
6 Sea 272127 ah s £443 420 and Ge: 920. 0t sr OneLnese 
results the octadiene aie ibe non for the thermolysis 

of 9 in the presence of the octadienes can be calculated 
COUR OM- HE 332.527, il 2 44s Ae wandered -ae225l eeunderpthe 
condition that the olefins do not isomerize during the 
reaction. The octadiene distribution found was 6 : 
Bomitweel < G44saeandags 7622782. 

(iii) Thermolyses of Z ; 10 and 13 were 
absombcarrmiedLouteatel2545eiin 25 mivey kindricalepyrex 
glass vessels without the addition of nitrogen. The 
product distributions were not significantly different 
from those obtained from the thermolysis in the 1200 
ml vessel with nitrogen added and are shown in Table X. 

(iv) The azo compound 16 was heated at 
M5 0cetorasOumines Thesproductidistributsongwaci found. to 
begaiy, -: 60.13%, 18 5 SIRE cree BP Shai ilets which 
is not significantly different from the distribution when 


16 was heated for 3 hours (see Table VII ). 
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(v) When a mixture of the dienes in the 


proportion ime ol ee 2625332. Ce A OeWaceicatLeamto 


ww 


180° for 2 hours rearrangement was observed. Diene 19 


underwent the Cope rearrangement to yield 17. The 
Prodcuctedistributione was found toi bem, 17. 2 64.72, 
Ieor Ghee skort, BRS) gy WR Teor 


(vi) The reaction products were feapeed out 
with liquid nitrogen and immediately analyzed by gc. 
In a control run the products from thermolysis were 
analyzed directly by a gc attached to the vacuum line. 
A Gow-Mac Model TR-2-B,W thermal conductivity cell was 
used with a Gow-Mac Model 40-50 power supply in conjunc- 
tion with a Hewlett Packard Model 7127 A strip chart 
recorder equipped with a Disc Integrator. Although the 
diene products could not be separated on the column 
Msede el 2et te CGM with 148 in. “inner diameter athe 
Ssupportewase 10% ODPN Gn» Chromosorb W), it could be seen 
that less than 0.3% butenes were formed during the 
reaction. Thus little or none of the low boiling butenes 
are lost during the transferral of products from the 


vacuum line. 
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APPENDIX B 


Values Of sleg( Ee = E,) and plots 


of og (he 3 E,) versus time and 
evaluation of the activation 
energies and Log A factors for 
thes thermo lyses (Ob 0 


ed ee od: 


and 16. 


120 


Values taken off the chart record for the evaluation of the 


rate) constant. for, the»thermolysistof 9 at 140,322 


“ see Pigunes 2. 


Time t Log(h.. -— HE 
(sec) (cm) a 
20 hi Se 0.79239 
120 deo 0 0.77815 
150 UREGE Oa7o716 
180 1180 0.75587 
210 Abe Se 0.74819 
240 12.00 0.74036 
270 220 0.72428 
300 12.35 Oniiiel 
360 12.60 0.69020 
420 12.85 0.66745 
480 13.05 0.64836 
540 12s 0.62839 
600 Pos 5 0.59660 
660 13.70 0.57978 
720 13.90 0.55630 
780 14.00 0.54407 
840 14220 0.51851 
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Points taken off the chart record for the evaluation of the 


Time 


Tate, cOuStant OL the thermolysis) of 9 at l4e.2° 


(sec) E. Log( Eh. nay 
120 1300 0.98453 
150 14.20 0299665 
180 14,85 0.92428 
220 (pei C389 762 
240 ES. 30 On Oe 26 
270 LG 0 0.84819 
300 16.60 OF 622i L 
360 Uy SH) 0.77452 
420 17.80 0.73640 
480 13045 0.68124 
540 18.95 OnO3547 
600 L639 0.59106 
660 RFA) On S50 23 
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780 20.40 0.45485 
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rate constant for the thermolysis of 9 at 148.6° 
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Time 1 Log(E - E 

(sec) (cm) 

90 13230 0.90580 
120 Lee 0.88366 
150 1 16 0.86034 
180 14.55 0.83251 
2h 15.00 0.80277 
240 15235 0.77815 
270 15.65 0.75587 
300 15.90 0.73640 
330 16220 Om tied 
360 16.50 0.68574 
390 16.75 0.66276 
420 16.95 0.64345 
480 17.45 0.59106 
540 ies 0.54407 
600 18w20 0.49831 
660 18.50 0.45485 
720 18.80 0.40654 
780 TSh THD Ons 2 
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rate Constant for the thermolysis of 9 at 159.8° 


Time a Log(E. - E 
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24. Ams 0.99343 
36 Ste 0 0.95424 
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60 16m 35 Wy repens) che) 
i2 T6e35 0.86034 
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96 hs oS 0.80285 
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Values taken off the chart record for the evaluation of the 


Time t Log(E,, - E 
(sec) (cm) 

1180 12.85 0.94201 
210 13), 10 0.92942 
240 13225 0.92168 
270 13, 40 0.91381 
300 133.50 0.90848 
360 13.90 0.88649 
420 Auer 0.87506 
480 14.40 0.85733 
540 14.60 0.84510 
600 14.85 0.82931 
660 15.05 0.81624 
720 15730 0.79934 
780 iee5c 0.78533 
840 15.70 0.77085 
300 15.95 0.75205 
960 16.15 0.73640 

1020 16.30 0.72428 

1080 16.50 Qp/07157 

1140 Wai, 7 0.68574 

1200 16.90 Orb 220 

1260 0.5 0.65801 

1320 72:5 0.63849 

1380 U7, Sis 0.62839 

1440 Hes O 0.61278 

1500 ds7.. 7.0 0.59106 
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Values taken off the chart record for the evaluation of the 


Time es Log(hee a 
(sec) (cm) ‘i 
180 14.60 0.99564 
210 14.90 0.98227 
240 15.20 0.96848 
270 1540 0.95904 
300 15.60 0.94939 
330 15.80 0.93952 
360 16.00 0.92942 
420 16.40 0.90848 
480 16.75 0.88930 
540 17.00 0.87506 
600 L740 0.85126 
660 ls/ahO 0.83251 
720 17.90 0.81954 
780 1820 0.79934 
840 18.50. 0.77815 
900 18.80 0.75587 
960 19.00 0.74036 
1020 19.30 ton 
1080 19.50 0.69897 
1140 19.70 0.68124 
1200 19.90 0.66276 
1260 20005 0.64836 
1320 2025 0.62839. 
1380 20.40 0.61278 
1440 20.55 0.59660 
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Values taken off the chart record for the evaluation of the 


rate constant for the thermolysis’ of ae ee, AE ty 


Time e LOOK Eee 
(sec) (cm) i 
60 Shey SH 0.91645 
a2 dish, 7/3) 0389209 
84 14.10 0.87216 
96 14.45 ORS 5 L206 
108 14.80 0.82931 
120 Ua h yale) 0.80956 
2 VOSS 0279239 
144 MESA ols) O77 70:85 
156 is) EN) 01375205 
168 16.10 0.73640 
180 1 Ors 3 OS uetenk 
LZ LG 5 Or09 897 
204 16.80 Or.61/ 6:70 
216 L700 0.65801 
228 ie 0.63849 
240 Uje4 0 ORSIR Oe 
264 ag WS O25 797/18 
288 Wha (Os 0.54407 
B12 a3) OE URLS 
SiG 18560 0.46982 
360 18.80 0.43933 
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Values taken off the chart record for the evaluation of the 


rate constant for the thermolysis of WG) veh es M8) lay 


Time EY 

(sec) (cm) Log (hey — E,) 
120 12785 0.94694 
150 en AW 0.92942 
180 13250 0.91381 
210 17s 0.90036 
240 14.00 0.88649 
270 14,20 0.87506 
300 14.45 0.86034 
360 14.90 0.83251 
420 S25 0.80277 
480 15.80 0.77085 
540 TGRIO 0.74819 
600 16.40 0.72428 
660 ne oWS 0.69461 
720 i710 On GCoHG 
780 17.40 0.63347 
840 ieoo 0.61278 
900 1G 5 0.58546 
960 18.10 Oe55630 

1080 18.50 0.50515 

1200 18.90 0.44716 
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Values taken off the chart record for the evaluation of the 
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rate constant for the thermolysis of IS Vatel35 02 


08080 eee 


Time t Log(E_ - E 
(sec) (cm) i 

84 14.10 07 87.5016 
108 1A0 0.83885 
32 15,20 0.80618 
156 TSG 0.77452 
180 IS HANS: 0.74429 
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Values taken off the chart record for the evaluation of the 


Time Ei. 
(sec) (cm) 
48 14.40 
60 14.85 
72 15.20 
84 156 o0 
96 Loe 
108 LG6-300 
120 LGe25 
132 1 G00 
144 Geo 
5.6 Ltr. 0'0 
168 B25 
180 17,45 
AUS 17 760 
204 Ny) Fete) 
216 Mia seg 08) 
228 LSA25 
240 EG. 20 
264 18.90 
288 19.30 
312 Sey FA0) 
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420 20.95 
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rate constant for the thermolysis of loyal, Uso. 25 
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Values taken off the chart record for the evaluation of the 


Time te hog (habe) 
(sec) (cm) ert” 
60 15.95 0.85733 
72 16.50 0.82282 
84 16.90 0.79588 
96 MET cil) Oe on 6 
108 e/g 0.73640 
120 18.00 On let 
key 18.30 0.68574 
144 18.60 0.65801 
Loo 18.90 OR GO2359 
168 19.10 0.60746 
180 19.35 0.57978 
192 19.60 0.55023 
204 19.75 0.53148 
216 19.95 0.50515 
yeas 207% 10 0.48430 
240 20.25 0.46240 
264 20.60 0.40654 
288 20.95 0.34242 
312 21.25 0.27875 
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Values taken off the chart record for the evaluation of the 


rate constant for the thermolysis of U6 Sate 54.95 


Time oh Log(E - E 
(sec) (cm) > 
120 420 0.96848 
150 14.50 0.95424 
180 14.80 0.93952 
210 15.05 0.92686 
240 15.25 0.91645 
270 15.45 0.90580 
300 15760 0.89762 
360 15.90 0.88081 
420 16.30 0.85733 
480 16.55 0.84198 
540 16.85 0.82282 
600 Ne 1K, 0.80618 
660 Weeks 0.78888 
720 Wy Mos 0.76716 
780 17.85 0.75205 
840 eh 1s 0.72835 
900 18.45 0.70329 
960 18.70 0.68124 
1020 18.95 - 0.65801 
1080 19.15 0.63849 
60 23.50 0.63849 
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Values taken off the chart record for the evaluation of the 


rate constant for the thermolysis of 16 at 140.4° 


Time af LO (Hie i 

(cm) (cm) 

90 TO. 5 0.86034 
120 10.60 0F.6525 1 
50 10795 02802856 
180 I ake) On 9239 
210 PL. 45 0.77452 
240 A GWA) (owas) suey) 
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360 Mere Ney) 0767470 
420 137,00 0.64345 
480 3730 OO. 6027.8 
540 aE Sess) 0.57403 
600 one OZ D3 62 
660 TAR 25 0749831 
TZU 1 ies) 0.45485 
780 14.80 0.41497 
840 sternal: Ore Ory. 
900 Loe 0.33244 
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Values taken off the chart record for the evaluation of the 


rate constant for the thermolysis of UG Pare 2 re a 


Time Buy Log( har 
(sec) (cm) 

108 14.95 0.90580 
132 Sh SiS) 0.88366 
156 ee O 0756352 
180 Gr U0 0.84510 
204 Ors 0 05 82607 
228 16.55 0.80956 
252 16.80 0.79239 
276 li OS 0.77452 
300 LT 30 O55 Si 
324 a oS 0.73640 
348 OT ete) O27 1600 
ae Heat ONS) 0.69461 
396 La.o0 0.67210 
420 tem 50 Crops. 
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